Model sensitivity
The most important conclusion from our original analysis (Brett et al. 2016) was that the modeled representation of Lake Spokane is relatively insensitive to phosphorus inputs, whereas field data collected from this reservoir suggests it is in fact very sensitive to phosphorus inputs. For example, water quality data compiled by Welch et al. (2015) showed that during its hypereutrophic phase the input phosphorus concentration (TP IN ) to Lake Spokane averaged 86 ± 37 (SD) µg/L with the corresponding minimum hypolimnetic oxygen concentration (DO MIN ) averaging 1.4 ± 1.3 mg/L. Welch et al. (2015) also reported that currently (2010) (2011) (2012) (2013) (2014) these values average 14 ± 3 µg/L and 6.5 ± 0.8 mg/L, respectively. We reported that the Lake Spokane water quality (WQ) model's DO MIN response for similar TP IN concentrations was much less pronounced, with hypereutrophic and contemporary DO MIN averaging 3.8 ± 0.4 and 4.7 ± 0.04 mg/L, respectively. We also reported that the WQ model had CONTACT Michael T. Brett mtbrett@uw.edu Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ulrm. a structural DO deficit (saturated DO − DO MIN ) of 5.3 mg/L when TP IN was set to zero. Wells and Berger (2016) suggested our analysis of the Lake Spokane WQ model was biased because we focused on a lake region where (and a time of year when) the lowest DO concentrations were expected. It is true that our analyses focused on the deepest part of Lake Spokane nearest to the dam outlet (i.e., Segment 36) during late August. The location and date were chosen because the water quality standards for the State of Washington indicate DO concentrations shall "not fall below the [one-day minimum DO] criteria . . . at a probability frequency of more than once every ten years. " Therefore, management actions usually target the locations and times when water quality standards are most likely to be violated.
We reanalyzed all of the model outputs from the SPR6 files of the Spokane WQ model to see if our conclusions were biased by our decision to focus on Segment 36. The SPR6 output file reports DO profiles for 6 stations where lake monitoring data are available and with depths of ࣙ15 m (i.e., Segments 16, 22, 28, 31, 35, and 36) . We reanalyzed the statistical relationship between TP IN and DO MIN for each of these stations, separately. We also compiled an overall relationship between these variables by depth weighting the DO MIN data within and between stations and linearly interpolating these results for all potential Segments between 16 and 36 (i.e., Segments 16, 17, 18 . . . 36) . This reanalysis showed the DO MIN concentrations were considerably higher at model Segment 16 and remarkably similar at Segments 22, 28, 31, 35, and 36 (Fig. 1a) and that the overall depth/volume and spatially weighted response between TP IN and DO MIN was (after correcting for cryptic phosphorus) within 0.2 mg/L of the values that we originally reported (Fig. 1b) . These new results indicate the Lake Spokane WQ model predicts hypereutrophic and contemporary DO MIN averaged 4.0 ± 0.4 and 5.0 ± 0.04 mg/L, respectively, and the WQ model has a structural DO deficit of 5.1 mg/L. Thus, our key conclusion remains Observed response of Lake Spokane as indicated by field data (i.e., Welch et al. ) , the modeled response originally reported by Brett et al. () , and the revised depth and spatially weighted response calculated in this study.
unchanged: the Lake Spokane field data showed a 5.1 mg/L increase in the minimum hypolimnetic DO concentration when the reservoir shifted from hypereutrophy to meso-oligotrophy (Welch et al. 2015) , whereas for the same TP IN concentrations, the model representation of Lake Spokane showed only a 1.0 mg/L improvement in DO MIN .
Because Wells and Berger (2016) claimed that the modeled DO MIN values are strongly dependent on the reservoir segment considered, we also explored the spatial trends in the SPR6 DO profiles during late August for the effluent TP = 500 µg/L scenario (which roughly corresponds to current effluent concentrations). This comparison showed that although vertical profiles varied from one model segment to another (Fig. 2a) , the DO MIN values for Segments 22 through 36 were remarkably similar (Fig. 2b) . Wells and Berger (2016) Fig. 1a and 2b) , we also explored this point for the total maximum daily load (TMDL) scenario used by Wells and Berger (2016) . In Wells and Berger's (2016) figure 4 , the DO MIN value for >15 m at Segment 22 in the TMDL scenario was 7.7 mg/L, similar to the model output for the volumeweighted depths > 8 m (i.e., 7.3 mg/L) but very different from our result for the same segment and scenario in late August (i.e., 4.7 mg/L). We plotted the DO vertical profile for Segment 22 for depths >15 m for the same scenario to clarify this discrepancy (Fig. 3) . This profile showed only one depth with a DO concentration >7.7 mg/L, and most depths had DO concentrations well below that value. These data indicate that a volume-weighted >15 m DO MIN concentration of 7.7 mg/L for this segment and scenario during late August is implausible. Wells and Berger (2016) point out that the lack of consideration of the model calibration against data from 1991 and 2000 was an oversight of our recent analyses. Because we did not have these raw data, we digitized the TP and chlorophyll a (Chl-a) data plotted in Berger et al. (2002) to test how well the model was calibrated to the TP and Chl-a field data for those years. We did not quantify the calibration fits for the temperature and DO data from Berger et al. (2002) because visual inspection suggested those data had adequate fits, as previously noted by Brett et al. (2016) for the 2001 data. The calibration fit for the 1991 and 2000 TP data was slightly better than the fit reported for 2001 data in Brett et al. (2016) ; the Nash-Sutcliffe model efficiency index was (Table 1) . When the observed TP concentrations were ࣘ11.0 µg/L, the model always overestimated TP (mean error [ME] = 6.5 µg/L), and when the observed TP concentrations were ࣙ23 µg/L, the model always underestimated TP (ME = −12.7 µg/L) (Fig. 4a) .
Model calibration
The calibration fit for 2000 Chl-a data was much worse than the fit reported in Brett et al. (2016) ; the model efficiency index (MEI) was 0.14 for the 2001 and −0.85 for the 2000 data, respectively (Table 1) The highly negative MEI value for the 2000 Chla data was because the field and model Chl-a data were weakly negatively correlated (Fig. 4b ), and the model error sum of squares was 85% larger than the total sum of squares for the observed Chl-a data. This finding indicates that the model predictions were much worse than a prediction based on the average of the observed values. These results and visual inspection of the calibration data from 1991 and 2000 (Fig. 4 ) strongly reinforce the conclusion in Brett et al. (2016) that the Spokane WQ model is poorly calibrated to the mechanistic basis of the Spokane basin TMDL (i.e., DO dependence on TP IN via phytoplankton biomass production). Wells and Berger (2016) also questioned our use of 2001 baseline conditions. We used 2001 conditions for our analyses because this hydraulic year has been selected as the baseline condition for TMDL scenario testing (Moore and Ross 2010) . According to the 2010 TMDL report for the Spokane Basin "the [2001] low river flow period is expected to be the most critical period for pollutant loading effects in the river and Lake Spokane due to less dilution of nutrient concentrations and a longer retention time, both of which can exacerbate dissolved oxygen shortages" (Moore and Ross 2010). The Welch et al. (2015) results show that DO MIN is correlated with hydraulic inflows, and therefore the model should be less responsive to phosphorus inputs when inflows are greater. As far as we are aware, however, this prediction has not been assessed with a proper model sensitivity analysis.
Our analysis used the exact same model inputs as the official TMDL scenario (Berger et al. 2009, Moore and Ross 2010) for all variables except TP IN , which was systematically varied over a wide range of concentrations in a classic one-step-at-a-time sensitivity analysis to test the model DO MIN response to a range of nutrient inputs. If our analysis is invalid because it depends on the 2001 hydrologic year, then it would be equally true that the entire TMDL decision making process for the Spokane Basin is invalid because it is also based on the 2001 hydrology conditions. Our TP IN sensitivity analysis showed the Spokane WQ model had a small response to phosphorus inputs. Had we picked less extreme conditions (such as higher inflows), the model's responses to phosphorus inputs likely would have been even smaller. Further, the notion that the model DO MIN values should respond to different inflows is a logical expectation based on how most real reservoirs would respond, but it is not currently known whether the Spokane WQ model responds as it should to flow. Because we found the model was rather insensitive to TP IN , it is also conceivable that the modeled DO MIN is insensitive to the average inflow for the range of conditions typically encountered in Lake Spokane. Table  . The results of the model calibration analysis based on the observations reported in Berger et al. () . The Nash-Sutcliffe model efficiency index (r  ), nonparametric coefficient of determination (N-P r  ), the root mean square error (RMSE), mean error (ME), mean absolute error (MAE), and relative error (RE) are reported. The total phosphorus results are based on field data collected in  and , and the chlorophyll a results are based on data collected in .
Cryptic phosphorus
We reported that when all phosphorus inputs to the Spokane River were set to zero (including the wastewater treatment plants, the Lake Coeur d' Alene outlet, Hangman Creek, Kaiser Aluminum, stormwater, combined sewer overflows, groundwater, and various smaller discharges), the TP IN concentration averaged 1.1 µg/L (Brett et al. 2016) . Further, when we set all TP inputs to Lake Spokane to zero (including the Little Spokane River and direct groundwater inputs to the reservoir), epilimnetic TP concentrations in Lake Spokane averaged 3.7 µg/L (Brett et al. 2016) . We referred to this pool as cryptic phosphorus because it had no obvious external source. Wells and Berger (2016) pointed out that what we called cryptic phosphorus was most likely the combination of phosphorus bound in algal biomass and labile and recalcitrant dissolved and particulate organic matter (i.e., LDOM-P, RDOM-P, LPOM-P, and RPOM-P, respectively). The former constituent of the "correct" TP IN was simulated as the product of the (poorly reproduced) phytoplankton biomass variability with a fixed stoichiometry, a practice frequently challenged in the modeling literature (Zhao et al. 2008 ). The latter 4 phosphorus pools were only vaguely mentioned in the documentation for the Spokane WQ model. For example, Berger et al. (2009) stated "since organic matter originating from point sources and tributaries was modeled with CBOD [carbonaceous biological oxygen demand] compartments, the labile dissolved organic matter (LDOM), refractory dissolved organic matter (RDOM), labile particulate organic matter (LPOM), and refractory particulate organic matter (RPOM) compartments only simulated the by-products of phytoplankton and periphyton decay. " Berger et al. (2009) also stated "since organic matter was accounted for in the CBOD compartment, constituent concentrations of the fractional organic matter compartments-LDOM, RDOM, LPOM, and RPOM-were set to zero. " Berger et al. (2002) had the same descriptions of these pools. We checked the magnitude of these additional phosphorus pools in the CWO_151 output files and found that in the effluent TP = 0, 50, 500 and 2000 µg/L scenarios, the sum of algal-, DOM-, and POM-bound phosphorus averaged 3.9, 4.3, 6.6 and 9.3 µg/L, respectively, during June to October. In these cases, algal-P ranged between 0.8 and 2.8 µg/L, LDOM-P between 2.0 and 5.1 µg/L, LPOM-P between 0.2 and 0.6 µg/L, and RDOM-P and RPOM-P were nearly constant at 0.9 ± 0.0 and 0.0 ± 0.0 µg/L, respectively. With these data, we were able to correct the TP IN data for the previously mentioned DO MIN sensitivity analyses. This correction showed that the discrepancy in the TP IN calculation had virtually no implications for any of the modeling experiments or points raised by Brett et al. (2016) . Accounting for algal-and DOM/POM-bound P only affected the TP IN values by a few micrograms per liter at the lower range of TP IN , and in this region DO MIN was insensitive to phosphorus inputs (Fig. 1b) . For example, when using the corrected input data, DO MIN averaged 5.04 ± 0.03 mg/L for TP IN values ranging from 6 to 21 µg/L (Fig. 1b) .
Interestingly, the sum of phosphate, CBOD-P, algal-P, LDOM-P, RDOM-P, LPOM-P, and RPOM-P in the zero phosphorus loading scenario for June to October equaled 2.8 µg/L, which closely matched the epilimnetic TP concentration in the corresponding Lake Spokane zero loading scenario (Brett et al. 2016) . It is still unclear how this phosphorus got into the model representation of the Spokane River because we set all inputs to the river to zero, and, as noted by Berger et al. (2009) , LDOM, RDOM, LPOM, and RPOM originating from point sources and tributaries were also set to zero by default. Perhaps, it was a residual effect of the initial concentrations for algal and DOM/POM bound phosphorus (i.e., 3.5 µg/L), or perhaps the model's representation of the river periphyton retained some P in the system, even in the absence of inputs.
For example, the model predicts a very large periphyton biomass in the river, which sequesters an exceptionally large pool of phosphorus. Therefore, the model representation of periphyton may act as an important phosphorus pool that does not actually exist in the real Spokane River. During the summer months, the model predicts the periphyton has an average biomass of 18.3 mg/L in the TMDL scenario at river mile 151, and that this periphyton has a stoichiometric equivalent between phosphorus and organic matter of 0.005 (Berger et al. 2002) . This biomass equates to a periphyton phosphorus content of 92 µg/L, a pool more than 9 times larger than the average TP pool size in the river water itself (i.e., mean TP = 9.8 µg/L) during the summer. The model also predicts periphyton biomass fluctuates by an average of 6% on a daily basis in a sinusoidal pattern, which also equates to a very large flux of riverine phosphorus into and out of the periphyton biomass. This suggests phosphorus exchange between the periphyton and the overlaying river water is a critical aspect of how phosphorus transport in the Spokane River is modeled. Because Welch et al. (1989) quantified periphyton biomass in the lower Spokane River for a wide range of soluble reactive phosphorus (SRP) concentrations, we can also ask whether the periphyton biomass values output in the Spokane WQ model are reasonable. Welch et al. (1989) found that periphyton biomass measured as Chl-a averaged 49 ± 45 (SD) mg/m 2 for river water samples with SRP concentrations <10 µg/L. If we use the 65 to 1 conversion between periphyton biomass and Chl-a from Berger et al. (2002) , then this equates to an overall organic matter biomass of 3200 ± 2900 mg/m 2 . If we further assume the lower Spokane River has a mean depth of 1.5 m, this equates to a periphyton volume concentration of 2.1 ± 2.0 mg/L. This value suggests the periphyton biomass values output by the Spokane WQ model may be 8 to 9 times larger than that observed in the lower Spokane River for equivalent riverine phosphorus concentrations.
Sediment oxygen demand
In their critique, Wells and Berger (2016) stated the Spokane WQ "model was misapplied [by Brett et al. (2016) ] by assuming that the model's zero order sediment oxygen demand [SOD] was not dependent on phosphorus inflows. " This point implies that, in general, the Spokane WQ model dynamically couples SOD to phosphorus concentrations; however, a close inspection of past modeling reports does not support this. For example, Berger et al. (2002) reported that during the 1991 and 2000 calibrations "zero order sediment oxygen demand rates were set at 0.6 g/m 2 /d for [all] Long Lake Reservoir model segments, " despite Lake Spokane TP concentrations averaging 21% higher during 1991. During the 2001 calibration, Wells and Berger (2016) stated the "SOD of model segments was set to values between 0.1 to 0.6 g/m 2 /d, with higher SOD in model segments closer to the dam. " In this case, substantially lower SOD values were assumed for some reservoir segments during 2001 than during 2000, even though the mean reservoir TP values were similar both years. For the TMDL scenario, Wells et al. stated, "SOD set to improved level = 0.25 g DO/m 2 /d" (PSU 2010) . In aggregate, it appears the process Wells and colleagues used for assigning SOD values in the Spokane WQ model was not systematically based on phosphorus inputs or concentrations. Furthermore, as far as we are aware, none of these assumed SOD values were based on actual field SOD determinations from the particular reservoir segments and years modeled. As noted by Rucinski et al. (2014) and reiterated by Brett et al. (2016) , the SOD rates used in lake or reservoir WQ models should also be dynamically coupled to nutrient inputs and phytoplankton production.
In the future, it is important that a systematic and repeatable algorithm be developed for Lake Spokane that couples the SOD rates used in the model to the trophic state of the reservoir. It is also essential that this algorithm be properly documented and undergo thorough peer review. Until these augmentations are in place, we concur with the CE-QUAL-W2 manual (page 14; Cole and Wells 2015) that the lack of ". . .a sediment compartment that models kinetics in the sediment and at the sediment-water interface, i.e., a complete sediment diagenesis model. . . places a limitation on longterm predictive capabilities of the water quality portion of the model. . ."
Optimal model complexity and future data collection
The Spokane WQ model is a characteristic case of a construct not commensurate with the available data from the system. Indicative of the profound underdetermination problem is the TP formula provided by Wells and Berger (2016) , in which available information exists only for 1 or 2 state variables among the 9 major constituents simulated. An example of the problematic decoupling between model complexity and empirical evidence was the inclusion of 3 algal groups and the questionable characterization of their functional properties, reflective of the tendency in aquatic biogeochemical modeling to "run before we can walk" (Anderson 2005, Shimoda and Arhonditsis 2016) . None of the reports published by Wells and Berger over the past 15 years have attempted to shed light on the potential implications of the unconstrained state variables for the predictive statements drawn from their modeling exercise. Although the increase of the articulation level is certainly an effective means for improving our models, we should not ignore that the increasing complexity also reduces our ability to properly constrain the model parameters from observations; that is, the number of parameters that must be specified from the data is approximately proportional to the square of the number of compartments (Denman 2003) . Thus, rather than first establishing the fundamental relationships among nutrient loading, in-stream conditions, and a generic phytoplankton compartment (parameterized against the available Chl-a data), they simulated 3 ambiguously defined algal groups, as explicitly recognized by Wells and Berger (2016) , with little consideration of the state of knowledge of phytoplankton functional group ecology and their associated mathematical representation (Shimoda and Arhonditsis 2016) . Brett et al. (2016) argued that the Spokane WQ model offers a "unique opportunity to test the ability of mechanistic models to simulate natural conditions because it has a detailed observational record of water quality conditions. " With the present commentary, we also wish to emphasize that the identified problems with the determinacy state of the existing model can be used to guide data collection efforts. For example, Wells and Berger (2016) pinpointed the relationship between upstream phosphorus loading and SOD as a critical causal linkage for projecting future system responses. Detailed knowledge of the processes occurring in the top few centimeters of the sediment is essential for assessing water quality, understanding the manifestation of hypoxia, and managing surface waters. Field, experimental, and modeling work should be designed to elucidate the mechanisms of phosphorus mobilization and oxygen utilization in the sediments and to identify process controls under a variety of conditions.
Conclusions
A reanalysis of the hypolimnetic DO concentrations predicted by the Spokane WQ model showed that a large spatial region (i.e., Segments 22 to 36) in the model representation of this reservoir has little sensitivity to phosphorus inputs and has a large structural oxygen deficit. Analyses of additional model calibration data collected in 1991 and 2000 showed that the TP dynamics in the model are poorly correlated to the field data, and the modeled Chl-a data are inversely correlated with the field data. This finding reinforces the conclusions of our recent study that showed the Spokane WQ model is not properly calibrated to the mechanistic basis of the Spokane Basin dissolved oxygen TMDL (Brett et al. 2016) . It is critical that the Spokane WQ model be recalibrated and that contemporary field data for Lake Spokane be given much more emphasis in the TMDL decision-making process.
On a final note, we could not agree more with the Wells and Berger's (2016) plea for improving the peer review process of modeling studies. In several recent papers (Arhonditsis and Brett 2004, Arhonditsis 2009 ), we have emphatically underscored the importance of establishing a systematic methodological protocol (detailed sensitivity analysis, rigorous uncertainty analysis, realistic parameter specification that capitalizes on our knowledge of the ecosystem functioning) for aquatic biogeochemical model development along with performance criteria (explicit specification of what constitutes an "acceptable model error" given the questions being addressed by the model) widely adopted by the modeling community. Even if journals cannot enforce the submission of all the material required to reconstruct mathematical models (Flynn 2005) , they should demand that modeling studies meet specific methodological and performance criteria. In our opinion the Spokane WQ model does not meet these criteria, but we sincerely hope that this discussion will lead to improved model-based water quality management in the Spokane Basin.
